[1] The biogeochemistry of continental shelf systems plays an important role in the global elemental cycling of nitrogen and carbon, but remains poorly quantified. We have developed a high-resolution physical-biological model for the U.S. east coast continental shelf and adjacent deep ocean that is nested within a basin-wide North Atlantic circulation model in order to estimate nitrogen fluxes in the shelf area of the Middle Atlantic Bight (MAB). Our biological model is a relatively simple representation of nitrogen cycling processes in the water column and organic matter remineralization at the water-sediment interface that explicitly accounts for sediment denitrification. Climatological and regionally integrated means of nitrate, ammonium, and surface chlorophyll are compared with its model equivalents and were found to agree within 1 standard deviation. We also present regional means of primary production and denitrification, and statistical measures of chlorophyll pattern variability. A nitrogen budget for the MAB shows that the sediment denitrification flux is quantitatively important in determining the availability of fixed nitrogen and shelf primary production (it was found to remove 90% of all the nitrogen entering the MAB). Extrapolation of nitrogen fluxes estimated for the MAB to the North Atlantic basin suggests that shelf denitrification removes 2.3 Â 10 12 mol N annually; this estimate exceeds estimates of N 2 fixation by up to an order of magnitude. Our results emphasize the importance of representing shelf processes in biogeochemical models.
Introduction
[2] Continental shelves play a key role in the global cycling of biologically essential elements such as nitrogen and carbon. The shelves are known to be highly productive [Longhurst et al., 1995] , the majority of the oceanic burial of organic carbon occurs on continental shelves and the adjacent slope [Premuzic et al., 1982; Hedges and Keil, 1995] , and shelf sediments are important sites for denitrification [Christensen et al., 1987; Christensen, 1994] . The loss of fixed nitrogen from the global ocean through denitrification is estimated to exceed the known inputs [Codispoti et al., 2001 , and references therein] and more than half of this removal occurs in sediments, mostly on continental shelves [Christensen et al., 1987] . The exact role of continental shelf processes in global biogeochemical cycling remains, however, poorly quantified. For example, it is still not clear whether the continental shelves presently represent a source or sink of CO 2 to the atmosphere. It has been hypothesized that continental shelves act as a sink for atmospheric CO 2 owing to export of particulate or dissolved organic carbon to the adjacent slope and open ocean [e.g., Walsh et al., 1981; Smith and MacKenzie, 1987] . This hypothesis was investigated for the Middle Atlantic Bight (MAB) in the interdisciplinary Shelf Edge Exchange Processes (SEEP) programs I and II [Walsh et al., 1988; Biscaye et al., 1994] , which concluded that only a small fraction of particulate carbon (<5%) is exported [Falkowski et al., 1988] . The subsequent Ocean Margins Program (OMP [Verity et al., 2002] ) explicitly considered the dissolved and suspended forms of organic carbon in the MAB. OMP results suggest that export of dissolved and suspended organic carbon to the open ocean's interior could be significant provided that advective and eddy diffusive transports are large enough. Another mechanism for the sequestration of inorganic carbon could be the winter production of cold, dense shelf water with high inorganic carbon content that is subsequently exported through isopycnal mixing processes [Tsunogai et al., 1999] . This mechanism may represent a globally important carbon flux [Yool and Fasham, 2001] . Further investigation and quantification of shelf denitrification in basin-wide and global nitrogen cycling and its potential effect on the carbon balance of shelf systems is also required.
[3] The quantification of elemental exchange fluxes at the ocean margins is in part hindered by their large variability. Exchange processes between the margins and the open ocean occur at mesoscales and within boundary layers, and are highly dynamic. Steady state approximations that are conveniently used for the open oceans (e.g., the concept of new production) are hence problematic. The quantification of biogeochemical processes at the ocean margins will have to rely on a combination of models and observations. In an effort to quantify the elemental fluxes of nitrogen across the shelf boundaries for the MAB, we have constructed a high-resolution, coupled physical-biogeochemical model of the continental shelf of the U.S. east coast and the adjacent deep ocean.
Study Area
[4] The Middle Atlantic Bight (MAB) is the region of the eastern continental shelf of the United States that extends from Nantucket Shoals in the north to Cape Hatteras in the south. The hydrography of the region is to a large extent influenced by remote processes: The relatively cool and fresh shelf water entering the bight from the north is part of a larger-scale, coastal current system that can be traced back into the Labrador Sea [Chapman and Beardsley, 1989] , while in its southern part near Cape Hatteras the influence of the Gulf Stream is immediate with the entrainment of warm and salty waters. The mean circulation is along shelf in the southwestward direction with cross-shelf exchange due to mesoscale processes and transports within the bottom boundary layer. The MAB ecosystem is nitrogen limited, and new nitrogen is supplied by different mechanisms including river and estuarine inputs, upwelling and wind-induced intrusions of slope water and warm-core rings. Chlorophyll concentrations and primary production are highest in the nearshore areas of the MAB adjacent to the mouths of rivers and estuaries and over the shallow water on Georges Bank, and decrease seaward and with increasing water depth. Most of the phytoplankton biomass is made up of nanoplankton (<20 mm), but net plankton (>20 mm; mostly diatoms) can be equally important or more abundant in the nearshore areas of the MAB [O'Reilly and Zetlin, 1998 ]. The seasonal cycle of chlorophyll and primary production is typical of a temperate continental shelf system: a phytoplankton spring bloom during which biomass reaches its annual maximum followed in the summer by lower chlorophyll levels coincident with pronounced stratification, and a secondary bloom in the fall [O'Reilly et al., 1987] .
Model Description
[5] Our coupled model is comprised of a three-dimensional ocean circulation model, ROMS (Regional Ocean Modeling System version 2), and a biological model that describes pelagic and benthic aspects of nitrogen cycling. The geographic domain of the physical-biological model extends from the Scotian Shelf to the Gulf of Mexico and includes the adjacent deep ocean. To simulate the influence of circulation processes outside of this domain, such as the subtropical gyre circulation, Gulf Stream mesoscale variability, and inflows from the Gulf of Mexico and Labrador Sea, the coastal model is nested within a high-resolution circulation model for the North Atlantic basin (see auxiliary material 1 ).
Physical Model Configuration
[6] ROMS is a free surface hydrostatic primitive equation ocean model. Shchepetkin and McWilliams [2005] describe in detail the algorithms of the ROMS computational kernel. ROMS utilizes a vertically stretched terrain-following coordinate, also called ''s-coordinate,'' that is attractive for the present application because it can be weighted toward the surface to allow enhanced resolution in the model euphotic zone. Here ROMS is implemented for two nested geographic domains: the North Atlantic (NA) basin, and the NorthEast North American (NENA) shelf. Nesting of the NENA domain within the NA model allows us to capture circulation features and variability in the regional domain that is forced in the NA basin. This is done by imposing the NA model's circulation at the open boundaries of the regional model. The NA model's horizontal resolution is 10 km, and 30 sigma levels are used in the vertical direction. Experience has shown that a horizontal resolution near 10 km is necessary to obtain a satisfactory Gulf Stream separation. The circulation model for the NA basin was spun up for 5 years using climatological COADS forcing for heat fluxes and wind forcing, followed by 1 year of spin-up using NCEP reanalysis winds for 1992. The model generates mesoscale variability associated with the Gulf Stream and exhibits seasonal variability due to variable wind forcing in the central NA. The current configuration differs from the one used in the recent DAMEE model intercomparison project for the NA mainly by increased horizontal resolution. In the DAMEE experiments ROMS reproduced many features of the wind-driven and thermohaline circulation and water mass formation Malanotte-Rizzoli et al., 2000] .
[7] The NENA model has been implemented with similar resolution as in the NA configuration (10 km in the horizontal direction, 30 vertical levels) and is forced with the same 3-day average surface fluxes (this may damp out some higher-frequency variability). A one-way nesting procedure is employed whereby 3-day average temperature, salinity and baroclinic velocity from the basin-wide simulation are imposed at the oceanic perimeter of the shelf model. The depth-average velocity and sea surface height boundary conditions [Flather, 1976; Chapman, 1985] are used to allow the radiation of gravity waves generated within the domain without upsetting the perimeter tracer fluxes. Coastal freshwater inputs are applied using observed river flow data from USGS and Canadian Rivers. The nesting procedure imposes the NA external variability on the NENA model which exhibits characteristic features of the local and remotely forced circulation, namely, winddriven upwelling, buoyancy-driven river plumes, lowered salinity on the MAB inner shelf, Gulf Stream intrusions in the South Atlantic Bight, and interactions of Gulf Stream warm rings with the slope waters.
[8] Tidal currents and the associated mixing are relatively small in most of our model domain, including the MAB, except for the Gulf of Maine/Bay of Fundy system [Moody et al., 1984] . The Gulf of Maine responds in a nearly resonant fashion to the forcing of deep ocean tides at the edge of the shelf resulting in growing amplitudes of the M 2 tide (the dominant tidal component) from 0.5 m at the seaward side of Georges Bank to 4 m in the Bay of Fundy and exceeding 6 m in its easternmost extension [Garrett, 1972; Moody et al., 1984; Lynch and Naimie, 1993] . The required large tidal transports flowing over the shallow Georges Bank result in tidal currents of 80-100 cm/s over Georges Bank and strong dissipative mixing, neither of which are found in the western Gulf of Maine or the New England shelf [Brown, 1984] . Because the focus of this study is the MAB we choose to neglect tides in favor of increased computational efficiency (the inclusion of tidal currents would require a significantly reduced model time step).
Biological Model Component
[9] Our biological model is a representation of the pelagic nitrogen cycle and includes seven state variables: phytoplankton, Phy, zooplankton, Zoo, nitrate, NO3, ammonium, NH4, small and large detritus, SDet and LDet, and phytoplankton chlorophyll, Chl, (Figure 1 ). Since our model's basic structure follows the widely applied Fasham model [Fasham et al., 1990] , we mainly focus on our modifications of the Fasham model in the following description.
[10] The time rate of change of phytoplankton due to biological sources and sinks is given by
The growth rate of phytoplankton, m, depends on the temperature T through the maximum growth rate m max = m max (T) = m 0 Á 1.066 T [Eppley, 1972] , on the photosynthetically available radiation I, and on the nutrient concentrations NO3 and NH4,
where
I is exponentially decreasing with water depth z according to
where I 0 is the incoming light just below the sea surface, and par is the fraction of light that is available for photosynthesis and equals 0.43. I 0 is the shortwave radiation flux from the NCEP reanalysis data set, but modulated depending on local latitude, longitude and day-of-the-year to provide the local diurnal cycle. K w and K chl are the light attenuation coefficients for water and chlorophyll, respectively, and are set to 0.04 m À1 and 0.025 (mg Chl) À1 m À2 [Kirk, 1983] . The function f(I) represents the photosynthesis-light (P-I) relationship [Evans and Parslow, 1985] ,
where a is the initial slope. Nutrient limitation is represented by the sum of Michealis-Menten functions for nitrate and ammonium, L NO3 and L NH4 , and nitrate uptake is assumed to be inhibited in the presence of ammonium through the factor 1/(1 + NH4/k NH4 ) following Parker [1993] . (We chose not to use the exponential ammonium inhibition term used by Fasham et al. [1990] because this parameterization has two undesirable features, namely the nitrogen uptake rate does not increase monotonically with increasing ammonium concentrations for nitrate concentrations above about 1 mmol N m À3 and the expression is not limited to values of less than or equal to 1 and hence can not be treated as a nondimensional limitation term (see R. R. Hood and J. R. Christian (N-cycle modeling, submitted to Nitrogen in the [11] The rate of phytoplankton grazing, g, by zooplankton is represented by a Holling-type s-shaped curve as
with g max as maximum grazing rate and k P as half-saturation concentration for phytoplankton ingestion. (The Hollingtype III or s-shaped grazing response is commonly used in models, has been fit to experimental data, and is known to be numerically more stable than the linear response which can give rise to large-amplitude limit cycles [see Gentleman et al., 2003, and references therein] .) Other phytoplankton loss terms are mortality, represented by the linear rate m P , aggregation of phytoplankton and small detritus to large detritus, and vertical sinking. We allow small detrital particles (SDet; particles smaller than 10 mm) and phytoplankton (Phy) to aggregate and form larger detrital particles (LDet). The aggregation rate is assumed to scale with the square of small particle abundance (SDet+Phy) because particle encounter rates increase for higher particle abundances, and is multiplied by the aggregation factor t. w P is a constant vertical sinking velocity.
[12] The relationship between chlorophyll and phytoplankton biomass is nonlinear, because the chlorophyll content per phytoplankton cell changes as the cell's photosynthetic apparatus acclimates to changes in light and nutrient conditions [Falkowski, 1980; Laws and Bannister, 1980; Sakshaug et al., 1989] . We account for the effects of this photoacclimation on the basis of the model of Geider et al. [1996 Geider et al. [ , 1997 . The dynamics of chlorophyll is derived from the phytoplankton equation by conversion into chlorophyll units, i.e., by multiplication with the ratio of chlorophyll to phytoplankton biomass and the assumption that only a fraction of phytoplankton growth is devoted to chlorophyll synthesis. This fraction, r chl , is defined as
where q max is the maximum ratio of chlorophyll to phytoplankton biomass. Here r chl is regulated by the ratio of achieved-to-maximum potential photosynthesis (mPhy)/ (aICHL) [Geider et al., 1997] . The time rate of change of chlorophyll follows as
Zooplankton is assumed to assimilate ingested phytoplankton with the efficiency b while the remaining fraction is being transferred to the small detritus pool. Other zooplankton loss terms are excretion and mortality. Excretion to ammonium is comprised of excretion due to basal metabolism at the linear rate l BM and an assimilationdependent excretion that is proportional to the assimilation of ingested phytoplankton and has the maximum rate l E . Zooplankton mortality is assumed to scale with the square of zooplankton biomass and is transferred into the pool of small detritus. The time rates of change of zooplankton and the detrital pools follow as
Here r SD and r LD are the remineralization rates for the small and large detritus pools, respectively, and w S and w L are their respective sinking velocities.
[13] Detritus remineralization feeds into the ammonium pool, and ammonium is subsequently nitrified to produce nitrate. The nitrification rate n is described by n ¼ n max 1 À max 0;
, where n max is the maximum rate of nitrification. Since nitrification is inhibited by light and the level of minimum inhibition is reached at nonzero light intensities [Olson, 1981] , it is assumed to drop off to zero at high light intensities with k I as the light intensity at which inhibition is half-saturated and an inhibition threshold of I 0 .
[14] The time rates of change due to biological processes for nitrate and ammonium are
Note that the bottom boundary condition (equation (15)) will result in an additional source of ammonium in the bottom layer. Values for the model parameters are listed in Table 1 in comparison with parameter values from the literature.
Sediment Processes
[15] A significant fraction of the organic matter entering estuarine and coastal systems (through primary production or import) is mineralized by the benthos, and only a small fraction is permanently buried [Nixon and Pilson, 1983] . Most of the nitrogen associated with the organic matter reaching the bottom is returned rapidly to the overlying water in the form of ammonium, although the rate of this process is markedly dependent on temperature [Nixon et al., 1976; Aller, 1980] . The sediment component of our model
is a simple representation of benthic mineralization processes; that is, the remineralization of deposited organic matter in the upper part of the sediment is formulated as a bottom boundary condition. This implies that the flux of sinking organic matter out of the bottommost grid box results immediately in a corresponding influx of inorganic nutrients at the sediment/water interface. In the classification of benthic-pelagic coupling formulations by Soetaert et al. [2000] , this approach is considered of intermediate complexity (a mass conserving formulation that assumes immediate equilibrium between particle deposition and the return flux of dissolved constituents from the sediment). Soetaert et al. [2000] showed that this computationally efficient approach captures most of the dynamics inherent in benthic-pelagic coupling. Consideration of a delayed coupling, i.e., the accumulation of deposited organic matter coupled to a temperature-dependent decomposition, would require a computationally more expensive diagenetic model.
[16] Continental shelf sediments are essentially anaerobic environments except for a thin oxygenated layer beneath the water/sediment interface and around animal burrows. Both aerobic and anaerobic mineralization are thus important pathways of carbon oxidation, but have a different yield of dissolved inorganic nitrogen. Degradation of organic matter in the anaerobic sediment is carried out by various bacteria which use a range of redox reactions and different electron acceptors. These different metabolic types each exploit only a fraction of the organic matter's energy and are ordered vertically according to their decreasing redox potential and energy yield [Jørgensen, 1996] . Aerobic respiration occurs in the upper few millimeters of the sediment, where oxygen is present, followed by denitrification (nitrate respiration), manganese and iron reduction (in the brown oxidized sediment from a few millimeters to 10 cm deep), sulfate reduction (down to several meters), and methanogenesis, the terminal metabolism for organic matter oxidation after depletion of all other oxidants [Jørgensen, 1996] . Here we assume that coupled nitrification-denitrification is the dominant aerobic mineralization pathway as has been found by Laursen and Seitzinger [2002] in MAB sediments off the New Jersey coast, although sulfate reduction can be a significant fraction of organic matter respiration especially in organic rich, muddy sediments [Mackin and Swider, 1989] .
[17] We account for the aerobic and anaerobic pathways, assuming that the fraction of carbon oxidation that occurs through each mineralization route is fixed. Seitzinger and Giblin [1996] compiled available denitrification rates for continental shelves and found a robust linear relationship between sediment oxygen consumption and denitrification. They focused on the portion of denitrification that is based on nitrate derived from the nitrification of ammonium in the [Laursen and Seitzinger, 2002] , the South Atlantic Bight [Hopkinson et al., 1991] , the shallow Long Island Sound [Mackin and Swider, 1989] , North Sea sediments [Raaphorst et al., 1990; Lohse et al., 1993] , and Boston Harbor [Kelly and Nowicki, 1993; Giblin et al., 1994] . Sites where direct denitrification has been found to be similar to or greater than coupled nitrification/denitrification include the Washington Shelf and the Gulf of Maine [Christensen et al., 1987; Devol, 1991; Devol and Christensen, 1993] , the Baltic Sea [Jensen et al., 1990] , and off Cap Blanc, Africa [Rowe et al., 1977] . In principle, direct denitrification should vary with the bottom water nitrate concentration, but to the best of our knowledge, no quantitative model like the one for coupled nitrification/ denitrification by Seitzinger and Giblin [1996] presently exists. We use the linear relationship between sediment oxygen consumption and denitrification by Seitzinger and Giblin [1996] which will underestimate the removal of fixed nitrogen from systems where direct denitrification is quantitatively important.
[18] With regard to sulfate reduction, Mackin and Swider [1989] found this process to contribute 65-85% of organic matter decomposition on a shallow site in Long Island Sound. They measured no nitrate in pore waters and no flux of ammonium from the sediment into the overlying water, indicating that remineralized ammonium is completely oxidized before it escapes across the sediment water interface through a combination of nitrification and sulfide oxidation. However, assuming that sulfate reduction coupled with nitrification and sulfide oxidation is the dominant pathway of organic matter oxidation instead of coupled nitrification-denitrification does not significantly affect our assumption about the influx of fixed nitrogen at the sediment/water interface (see Appendix A). Consequently sediment remineralization should be described reasonably well by assuming a constant fraction of denitrification to total mineralization based on the linear relationship between sediment oxygen consumption and denitrification by Seitzinger and Giblin [1996] .
[19] Seitzinger and Giblin's [1996] relationship quantitatively relates the oxygen uptake of the sediment to an efflux of N 2 . In order to determine the sediment efflux of fixed nitrogen (ammonium) we assume that the sediment consumption of oxygen is related to carbon oxidation; in other words, oxygen is consumed either in the oxidation of organic matter or in the nitrification of ammonium to nitrate which is then used in denitrification. Since aerobic mineralization, nitrification and denitrification occur according to known stoichiometries we can determine which fraction of organic matter mineralization occurs through denitrification. Our calculation (given in detail in Appendix A) results in a denitrification fraction of 14% and an oxygenic mineralization fraction of 86%. It follows that the oxidation of one mole of organic matter (containing 16 moles of nitrogen) yields 4 moles of ammonium, while 6 moles of N 2 are denitrified and lost from the pool of bioavailable fixed nitrogen. Our bottom boundary condition hence reads
where Dz is the thickness of the bottom model layer.
Initial and Boundary Conditions
[20] Initial and boundary conditions for nitrate were derived using polynomial approximations that predict nitrate concentrations as function of temperature and were derived from the NODC World Ocean Database 2001 (see auxiliary material). As this relationship differs between shelf water and slope/open ocean waters, two different approximations were used for the shelf (defined as the area with water depths shallower than 250 m) and the slope/open ocean. All other biological variables were set initially to a homogeneous, small value of 0.1 mmol N m
À3
. Experience has shown this approach to work well, because the adjustment timescales for these variables are short (on the order of days to weeks). Since the biological component of our model is only implemented in the coastal (NENA) domain, open boundary concentrations for the biological state variables have to be prescribed without reference to an outer domain model. We used the same procedure for prescribing the boundary concentrations as for the initial conditions. Consequently, phytoplankton and zooplankton concentrations in water entering the domain are low, and some bogus primary productivity near the open boundaries can result as variables adjust to values more typical of the inner domain. However, this boundary artifact occurs only in the close vicinity of inflow boundaries and does not affect the area of the MAB. River concentrations of nitrate, ammonium and organic nitrogen (PON and DON where available) from the U.S. Geological Survey monitoring database were used to derive a monthly climatology of these conditions and subsequently multiplied with the freshwater flux to yield the river inputs of nutrients and PON (see J. Moisan and A. Mason, manuscript in preparation, 2006, for details).
Results
[21] The coastal biogeochemical model was initialized with the state of the NA model at 1 January 1993, spun up for 1 year, and integrated for the subsequent 2 years (1994 and 1995) . This simulation is evaluated in the following subsection with particular focus on the MAB.
Model/Data Comparison
[22] Available data sets for a model/data comparison in the MAB include (1) biochemical in situ data from the OMP in 1994 [Verity et al., 2002] , the SEEP experiments in -1989 [Walsh et al., 1988 Biscaye et al., 1994] , and a number of cruises undertaken by Brookhaven National Laboratory between 1974 and 1995 ð15Þ GB3007
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(BNL data reports); (2) in situ data of primary production from the MARMAP cruises [O'Reilly and Zetlin, 1998 ]; and (3) remotely sensed surface chlorophyll data from the SeaWiFS sensor and primary productivity estimates derived from SeaWiFS data from January 1998 through December 2004. The biochemical variables in the in situ data set, which were merged from the above-mentioned sources, include chlorophyll, nitrate and ammonium concentrations. A monthly climatology of these variables for the inner and outer shelf (delineated by the 50-m isobath) was generated for model/data comparison. The 9-km resolution SeaWiFS Standard Mapped Images data are available from 1998 to 2004. Monthly mean fields and a monthly climatology have been generated from this data set. Remotely sensed estimates of surface chlorophyll concentration and photosynthetically active radiation (PAR) from SeaWiFS and sea surface temperature (SST) from the NOAA AVHRR sensor were used with the Vertically Generalized Productivity Model (VGPM [Behrenfeld and Falkowski, 1997] ) to estimate primary production. In the VGPM, the optimal rate of productivity (P b opt : optimal water column carbon fixation (mg C (mg chlorophyll a) À1 h
À1
) is modeled as a seventhorder polynomial function of SST. In our application of the VGPM, which we designate as VGPM2, the relationship between P b opt and SST follows the exponential relationship by Eppley [1972] , as modified by Antoine et al. [1996] . A trial of the VGPM, VGPM2 and three other productivity models revealed that the VGPM2 yielded the best agreement (smallest RMS error) with the MARMAP seasonal productivity cycle for the northeast shelf ecosystem.
[23] An example of spatial patterns in surface chlorophyll is given in Figure 2 , where the simulated mean surface chlorophyll for July 1994 is shown in comparison to the SeaWiFS chlorophyll for July 2003 (note that SeaWiFS data is not available for 1994). Chlorophyll concentrations are highest near the coast, decrease on the outer shelf and again in the slope waters with local chlorophyll maxima in the Gulf Stream front; lowest concentrations are found in the Sargasso Sea. The model underestimates surface chlorophyll on Georges Bank when compared to SeaWiFS chlorophyll.
[24] For a more thorough assessment of model/data agreement we now present statistical measures to quantify the overall correspondence between observed and simulated surface nitrate, ammonium and chlorophyll. First, we compare regional means and variances of simulated and in situ nitrate and ammonium, and simulated, in situ and SeaWiFS surface chlorophyll. Statistical measures of chlorophyll pattern agreement (with the overall bias removed) will be given below. The temporal evolution of surface nitrate and ammonium (upper 20 m) is compared to its model equivalents for the inner and outer shelf of the MAB in Figure 3 . The simulated nitrate concentrations overestimate the observed values in winter and spring, while the simulated ammonium concentrations underestimate the observed values, possibly because the model nitrifies ammonium too efficiently on the inner shelf. However, the simulated and observed nutrient concentrations agree within one standard deviation except for one instance in February on the outer shelf.
[25] The temporal evolution of monthly mean surface chlorophyll from the in situ and SeaWiFS climatologies and the model are shown in Figure 4 for the inner and outer shelf of the MAB, the adjacent slope and Georges Bank. There is a notable difference between the inner shelf and the outer shelf and slope regions with higher mean chlorophyll levels and higher variances throughout the year and no pronounced seasonal cycle on the inner shelf. On the outer shelf and in the slope water both in situ and model data show a pronounced peak in surface chlorophyll in the spring and a smaller peak in the fall. There are no statistically significant differences between the model and data in the inner shelf, outer shelf, and slope water regions; however, the model consistently underestimates SeaWiFS chlorophyll on Georges Bank. This discrepancy is likely due to the lack of tides in the current implementation of our physical model. Tidal mixing is thought to be the main mechanism of nutrient supply on Georges Bank supporting the high levels of productivity observed there [Chen and Beardsley, 1998 ]. Regional models of the Gulf of Maine that include tidal forcing show more realistic levels of chlorophyll and productivity on Georges Bank [Franks and Chen, 1996] . Comparisons of observed and simulated tidal amplitudes and associated mixing show that tidal effects are significantly smaller on the New England shelf (the northern tip of the MAB) than on Georges Bank [Moody et al., 1984; Brown, 1984] . Evidence for even smaller tidal effects southwest of the New England shelf comes from indices of vertical stratification [e.g., O'Reilly and Zetlin, 1998; Figures 29 and 30; Falkowski et al., 1988] , which indicate that the MAB is among the most strongly stratified regions in the world.
[26] In addition to agreement in the mean course of simulated and observed variables shown in Figures 3 and  4 we expect correspondence between patterns of simulated and observed variability. Statistical measures commonly used to compare a model-simulated field, or ''test field,'' with an observed field, or ''reference field,'' with regard to pattern correspondence are the standard deviations of the two fields, the correlation between the two fields, and the pattern root-mean squared (RMS) difference between the fields. The standard deviations measure the amplitude of variations in the respective field, the correlation coefficient measures the agreement in the pattern of variation between the two fields regardless of the amplitude, and the centered RMS difference measures the differences between the two fields with the overall bias removed; the three provide complementary statistical information. The ratio of the standard deviations of the two fields, their correlation, and their centered RMS difference can be displayed by one point in a 2D diagram (Taylor diagram [Taylor, 2001] ), which is particularly useful when more than one set of fields is compared. A brief explanation of the diagram is given in Appendix B.
[27] To assess pattern correspondence, the SeaWiFS data was interpolated onto the model grid and log-transformed, since the SeaWiFS and model surface chlorophyll data are lognormally distributed. We follow Lima and Doney [2004] in considering two statistics (total time -space and spatialannual) and calculated these for the whole domain and the MAB area only. The total time-space statistic measures temporal and spatial variations around the total mean. The spatial-annual statistic measures spatial variations of the annual mean around the total mean.
[28] The measures of pattern correspondence of each individual SeaWiFS year with the monthly SeaWiFS climatology are given in Figure 5 . The ensemble of SeaWiFS points in Figure 5 illustrates the discrepancies to be expected when comparing a single year to the climatology. Note that model results are expected to deviate somewhat from the climatology owing to unresolved internal variability, imperfect initial and forcing conditions, and most importantly in our case owing to interannual variability. Hence apparent differences between the test and the reference fields may be statistically or practically insignificant. The expected level of difference in pattern correspondence due to interannual variability can be gauged by the comparison of the individual SeaWiFS years (1998 -2004) with the climatology. If the whole domain is considered, the match between an individual SeaWiFS year and the climatology is within 10% of the amplitudes of variations (0.9 s n 1.1), with a correlation R > 0.9, and an RMS difference E < 0.4. With the exception of 1998, a similar match is obtained when the analysis is restricted to the MAB. 1998 is anomalous with amplitudes of variation significantly larger than the climatology and the other SeaWiFS years. In 1998, mean chlorophyll levels were smaller during summer but their variance was larger throughout the year. The patterns of modeled surface chlorophyll and the SeaWiFS climatology are within 40% of the amplitudes of variation (0.6 s n 1.4) and have a lower correlation ($0.4-$0.8). The model's spatial resolution is thus sufficient to capture the variability of surface chlorophyll that is represented by the 9-km SeaWiFS data. In fact, when the statistics are restricted to the MAB the simulated patterns match the SeaWiFS climatology more closely in terms of centered RMS difference and correlation than SeaWiFS 1998.
Model/Data Comparison: Fluxes
[29] Model-simulated primary productivity is highest on the inner shelf of the MAB and the South Atlantic Bight yr À1 for the New York Bight [Malone et al., 1983] .
[30] The annual productivity illustrates that boundary effects in the biological model component are small. While chlorophyll levels can be elevated near the open boundaries at times (see, for example, the northern boundary in Figure 2 ), annual mean production is elevated owing to boundary artifacts only at the northern boundary on the Labrador Shelf. The area of elevated production is localized in the vicinity of the boundary, and does not affect the shelf region of the MAB which is the primary focus of this study.
[31] A comparison of monthly means and variances of model-predicted, satellite-derived and in situ primary production is given in Figure 6 for the inner and outer shelf of the MAB, the adjacent slope and Georges Bank. On the inner shelf the model consistently underestimates both satellite and in situ primary production, although the model-predicted values are within 1 standard deviation of the in situ climatology. The satellite-derived primary production overestimates in situ primary production on the inner shelf, although satellite-derived chlorophyll is slightly underestimating the in situ chlorophyll (Figure 4 ). This illustrates that the primary productivity algorithms may be problematic for the optically complex nearshore region. On the outer shelf and over the adjacent slope the model underestimates in situ and VGPM2 primary production, but the mean values are within 1 standard deviation of each other. However, the discrepancy is more pronounced on Georges Bank as we would expect. The satellite-derived and in situ primary production estimates appear to agree well on the outer shelf, in the slope water and on Georges Bank.
[32] The annual denitrification flux for the MAB is largest in the estuaries, Chesapeake Bay and Delaware Bay, and on the inner shelf above the 50-m isobath. The mean annual flux for the MAB is 1.1 mmol N m À2 d À1 and compares well with the extrapolations of Seitzinger and Giblin [1996] , who estimated a mean flux of 0.7 mmol N m À2 d À1 for the shelf area of the entire NA and a mean flux of 1.4 mmol N m À2 d À1 for the shelf area between Nova Scotia and Cape Hatteras. Direct measurements of sediment denitrification at the LEO-15 site located at 39°28 0 N, 74°15 0 W on the inner shelf of the MAB are similar with a mean flux of 1.7 ± 0.6 mmol N m À2 d À1 [Laursen and Seitzinger, 2002] . We conducted a sensitivity study in order to assess how the predicted denitrification flux depends on the assumed sinking velocity of organic matter which is generally a poorly constrained parameter. Given the computational cost of the coupled simulations in the full domain we chose to vary the sinking velocity in a quasi-1D framework (a 5 Â 5 grid point domain with double-periodic boundary conditions and otherwise identical set-up to the full 3D model). We varied the water depth from 210 m to 25 m and changed the sinking velocity of organic matter by ±50%. The annual Figure 6 . Monthly means and standard deviations of primary production from the NENA model, VGPM2 and an in situ climatology derived from the MARMAP data set. denitrification flux, primary production and the ratio of sediment to pelagic remineralization are shown in Figure 7 . While the primary production is essentially independent of water depth and sinking velocity, the sediment denitrification flux increases exponentially with decreasing water depth. Faster sinking of organic matter slightly increases sediment remineralization and slightly decreases primary production, as one would expect, but the dependence of the denitrification flux on water depth appears to be dominant. This dependence is a direct consequence of the exponentially increasing fraction of organic matter oxidation in the sediment with decreasing water depth. Observational evidence in support of this exponential dependence comes from the biomass of benthic suspension feeders: It also increases exponentially with decreasing water depth [Middelburg and Soetaert, 2004] .
Nitrogen Budget for the MAB
[33] We derived a nitrogen budget for the MAB by diagnosing the model-simulated fluxes of particulate and dissolved nitrogen across the MAB boundaries (across two cross-shelf transects near Nantucket Shoals and Cape Hatteras and across the 100-m isobath) as well as river inputs and losses due to denitrification (Figure 8 ). Total nitrogen (TN = DIN + PON) enters the MAB from the north and from rivers, but the import from the north is more than double the river input. Denitrification removes 90% of TN entering the MAB, while the rest is exported across the shelf break. Interestingly, while the mean volume transport across the shelf break is out of the MAB and accompanied by an export of particulate nitrogen (PON), there is a significant cross-isobath inflow of nitrate, illustrating that hydrographic characteristics do not constrain tracer fluxes per se. The denitrification loss is significantly larger than the river input of nitrogen, making the shelves of the MAB a net sink of fixed nitrogen.
Discussion and Conclusions
[34] The high spatial resolution necessary to capture the small-scale features of margin topography, as well as mesoscale and small-scale currents and the resulting fluxes of nutrients and organic matter represent a challenge to resolving biogeochemical processes at ocean margins. In our approach a high-resolution coupled model of the continental shelves is nested within a larger-scale circulation model of the NA. In the nesting procedure open boundary information for currents, temperature and salinity is provided from the large-scale circulation model to the regional model, but boundary information for the biochemical variables has to be prescribed. We used a simple approach to prescribing the biochemical variables where nitrate concentrations are determined from temperature using approximations that were derived from the NODC data set, and all other variables Figure 7 . Results of a sensitivity study in a quasi-onedimensional ROMS framework. The simulated annual sediment denitrification flux (DNF), primary production (PP) and the ratio of sediment to pelagic remineralization (s/p rem) are shown for five different water depths and for the default sinking velocity (solid symbols; see Table 1 for sinking parameters) as well as for sinking velocities ±50% of the default values (open circles). [35] Further challenges in capturing continental shelf processes arise from the pronounced benthic-pelagic coupling and the input of nutrients and organic matter from land. In contrast to open ocean regions, steady state assumptions can hardly be made and benthic processes cannot be ignored. On the one hand, it becomes possible to assess the effects of variability on coastal ecosystems and elemental fluxes through the use of coupled models. On the other hand, model validation is difficult because there are few permanent features and the variability on sub-seasonal scales is dominated by sporadic events (e.g., wind-induced upwelling events and frontal shifts). We chose to compare climatological and regionally integrated means of surface chlorophyll, nutrients, primary production and denitrification, and statistical measures of pattern variability (the correlation and centered RMS difference of simulated and SeaWiFS chlorophyll).
[36] Denitrification in shelf sediment is known to be a quantitatively important sink in the global nitrogen cycle [Hattori, 1983; Codispoti and Christensen, 1985; Christensen et al., 1987] . Our model suggests this flux to be important in reducing primary production on the shelf as well. Accurate prediction of sediment denitrification is hence crucial in simulating shelf production, but currently dependent on only few direct measurements. It would be costly to measure denitrification rates at high spatial and temporal resolution; hence, the development of wellconstrained models (e.g., Seitzinger and Giblin [1996] , Middelburg et al. [1996] , and this study) may be more practical. Our model is based on Seitzinger and Giblin's [1996] approximation of denitrification with sediment oxygen consumption, and our estimates hence hinge on the validity of this relationship.
[37] In our analysis, denitrification removes the majority of nitrogen entering the MAB in dissolved or particulate form, significantly more than enters from rivers, and thus makes the shelf system a net sink in the NA nitrogen cycle. This result is consistent with the observational-based estimates of Seitzinger and Giblin [1996] , who suggested that denitrification on the NA shelves exceeds nitrogen inputs from land and must be sustained by fixed nitrogen that is imported from the open ocean. Assuming that the MAB shelf is representative of the NA shelves we can extrapolate the denitrification flux to the whole NA. Using the modelpredicted mean denitrification flux for the MAB of 1.13 mmol N m À2 d À1 and a shelf area of 5.66 Â 10 12 m 2 [Pilson and Seitzinger, 1996] the extrapolation yields 2.3 Â 10 12 mol N yr À1 . Estimates of N 2 fixation for the NA vary by an order of magnitude (Table 2) . Our denitrification estimate is 35% of the largest N 2 fixation estimate by Michaels et al. [1996] , but 7 times higher than the most conservative estimate by Hansell et al. [2004] . Onwelling of inorganic nitrogen onto the continental shelves and subsequent denitrification are consequently key components of the NA nitrogen cycle, emphasizing the need to better represent margin processes in basin-wide and global models.
[38] A large nitrogen sink on the continental shelves is likely to have implications for carbon cycling. Since the nitrogen import to the MAB is likely to be accompanied by an influx of inorganic carbon, the denitrification flux should be associated with an outgassing of CO 2 . For the sake of simplicity we assume here that carbon and nitrogen import occur in Redfield ratio and can then estimate the outgassing of CO 2 at 0. . However, our estimate should not be mistaken for a carbon budget of the shelves. We did not address the transformation of river and estuarine dissolved organic matter, oxidation of which could result in an inorganic carbon source [Borges and Frankignoulle, 1999] , and the possibility of inorganic carbon export through isopycnal export of CO 2 -supersaturated shelf water in winter [Tsunogai et al., 1999; Yool and Fasham, 2001 ].
Appendix A: Biological Bottom Boundary Condition
[39] We assume that (1) all organic matter (large and small detritus, phytoplankton) is remineralized instantaneously upon reaching the bottom, (2) sediment oxygen is consumed only in the oxidation of carbon and the nitrification of ammonium to nitrate, (3) denitrification is related to sediment oxygen consumption according to respectively. Let x2[0,1] be the fraction of carbon oxidation that occurs through denitrification. In the mineralization of 1 mol of organic matter the sediment oxygen consumption amounts to (1 À x) * 106 + x* 84.8 * 2 = 106 + 63.6 * x moles oxygen and the denitrified nitrogen amounts to x * 84.8 moles nitrogen. Substituting into equation (A1), 84.8x = 0.105 * (106 + 63.6x) yields x = 0.14. Hence 14% of organic matter is mineralized through denitrification, while 86% is oxidized directly. The net yield of ammonium from the mineralization of 1 mol of organic matter comprises 0.86*16 = 13.8 mol NH 4 from direct carbon oxidation and -0.14*84.8+0.14*16 = À9.6 mol NH 4 consumed in coupled nitrification/denitrification, which amounts to a net yield of 4 mol NH 4 and 6 mol N 2 .
[40] At a shallow, nearshore site in Long Island Sound, Mackin and Swider [1989] found sulfate reduction coupled with nitrification and sulfide oxidation to be the dominant pathway of organic matter decomposition (they found 3 -14% to be due to aerobic decomposition, 65-85% to be due to sulfate reduction and the rest due to coupled nitrificationdenitrification). The sulfate reduction, nitrification and sulfide oxidation reactions follow
respectively [after Mackin and Swider, 1989; Jørgensen, 1996] . Assuming that 75% of organic matter is decomposed by sulfate reduction according to the above stoichiometries would result in at least 0.75*8 mol N 2 = 6 mol N 2 per mol of organic matter. Our estimate of 4 mol of NH4 and 6 mol of N 2 being returned for each mol of organic matter (derived above) is thus a conservative estimate of the amount of fixed nitrogen removed in sediment denitrification.
Appendix B: Taylor Diagram
[41] In the Taylor diagram [Taylor, 2001 ] the correlation coefficient R, the centered RMS error E, and the ratio of the standard deviations s n of a test field (typically a model simulated field p) and a reference field (typically an observed field q) are displayed by the location of one point (representing the test field) in relation to the reference point (representing the reference field). The correlation coefficient measures the centered pattern agreement of the variations of the two fields regardless of amplitude; in other words, correlation is high (R!1) if the test field is correctly phased. The centered RMS error measures the difference between the fields with the overall bias removed, but this index by itself can not reveal if the RMS error is due to differences in the phasing or in the amplitude of variations. The ratio of the standard deviations indicates if the test field overestimated (s n > 1) or underestimated (s n < 1) the amplitude of variations. The reference point is located on the x axis at s n = 1 (see, for example, Figure 8 ). The radial distance of the test point from the origin indicates the normalized standard deviation (s n = s p /s q ), its azimuthal position indicates the correlation coefficient, and its distance from the reference point indicates the centered RMS error. In our case of comparing surface chlorophyll fields we follow Lima and Doney [2004] in defining total space-time, spatial-annual and spatial-monthly statistics.
